Context: There is evidence that sex differences in hip structure are increased during puberty, possibly as a consequence of associated changes in body composition.
S
exual dimorphism in skeletal development is well recognized. At the hip, these differences have been reported to emerge during puberty and comprise largely greater periosteal apposition in boys, leading to greater femoral neck width (FNW) and bending strength (1) . More rapid periosteal bone formation in boys, leading to greater cortical bone size, has also been reported at the midfemur (prepubertal children and young adults combined) (2) , midtibia (peripubertal children) (3) , and distal tibia and femoral neck (18 yr olds) (4) . In terms of possible sex differences in endosteal apposition, a previous study based on metacarpal radiogrametry suggested that en-docortical bone formation is more rapid during puberty in girls (5) . On the other hand, 18-yr-old males were found to have greater cortical thickness (CT) of the distal tibia by peripheral quantitative computed tomography (pQCT) compared with age-, height-, and weight-matched females (4) . A further study suggests that puberty acts to increase cortical bone mass in girls by increasing cortical density rather than thickness (6) .
Sexual dimorphism in skeletal development may be more pronounced during puberty (3, 5) , suggesting a role of sex hormones in their generation, as supported by correlations between sex steroid levels and changes in endocortical and periosteal surfaces during puberty (7) . Rapid changes in fat and lean mass, which are thought to play a major role in bone mass acquisition in childhood (8 -10) , may also contribute to any relationship between puberty and sexual dimorphism. Consistent with this suggestion, sex differences in hip structure that emerged during the adolescent growth spurt largely disappeared after adjusting for height and lean mass (1) . On the other hand, it is clear that sexual dimorphism of the skeleton is evident before the onset of puberty (11) , suggesting that some components are independent of puberty.
Taken together, these studies suggest that sex differences in hip structure become more pronounced during puberty and are at least partly explainable by those in body composition. Here we report a cross-sectional study intended to examine these relationships in more detail in a large population-based cohort of peripubertal children. Specifically we investigated whether associations between pubertal stage and dual-energy x-ray absorptiometry (DXA)-derived measures of hip structure differ between boys and girls and whether these differences are explained by those in body composition.
Subjects and Methods

Study population
The Avon Longitudinal Study of Parents and Children (ALSPAC) study is a geographically based birth cohort study investigating factors influencing the health, growth, and development of children. All pregnant women resident within a defined part of the former county of Avon in southwest England with an expected date of delivery between April 1991 and December 1992 were eligible for recruitment, of whom about 14,000 were enrolled (12) (http://www.alspac.bristol.ac.uk). ALSPAC is a relatively homogenous population in ethnic terms, approximately 97% of subjects being Caucasian. Ethical approval was obtained from the ALSPAC Law and Ethics Committee and relevant local ethics committees. Data in ALSPAC are collected by self-completion postal questionnaires sent to parents, linkage to computerized records, abstraction from medical records, and examination of the children at research clinics.
Measurement of hip structure
All children attending the research clinic at age 13.8 yr were offered a left hip DXA scan on a GE Lunar Prodigy (Madison, WI). As well as generating total hip (TH) and femoral neck (FN) bone mineral density (BMD; g/cm 2 ), each scan was analyzed using the manufacturer's automated advanced hip analysis software, which generated a range of structural parameters at the site of minimum FN width. This method has recently been validated against volumetric quantitative computed tomography in adults (13) . In the present study, rather than use values derived from adult populations, bone conversion factors (i.e. assumed average calcium content of bone tissue) were based on sex-and pubertyspecific measures of cortical BMD obtained from tibial pQCT scans as previously reported (6) . Geometric indices consisted of FNW (mm), cortical cross-sectional area (CSA; cm 2 ), and CT (mm). Derived biomechanical strength indices comprised buckling ratio (BR; 0.5FNW divided by CT); cross-sectional moment of inertia (CSMI; cm 4 ), which reflects resistance to bending; and section modulus (SM; cm 3 ), which is CSMI adjusted for size by dividing by FN radius.
Confounders
Total body fat and lean mass were measured using DXA (GE Lunar Prodigy). Height was measured using a Harpenden stadiometer (Holtain Ltd., Crymych, UK), and weight was measured to the nearest 50 g using the Tanita body fat analyzer (model TBF 305; Tanita, Arlington Heights, Illinois). Pubertal status was assessed by self-report on a postal questionnaire at an average age of 13.1 yr. Diagrams and descriptions of the five Tanner stages of pubertal development were included in the questionnaires, and participants were asked to check which stage most closely matched their current stage. Pubertal status was assigned based on pubic hair self-ratings in girls and boys (to aid comparability between the sexes, pubic hair ratings were used in isolation).
Statistical methods
Descriptive statistics are presented as means and SD and medians and interquartile ranges. The effect of sex and puberty was estimated using simple linear regression in which puberty was introduced as a categorical element into the linear predictor. The significance of each interaction was assessed using the partial F test based and nominal significance set at P Ͻ 0.05; if there was no evidence of an interaction between sex and puberty, a more parsimonious model was fitted without an interaction term. Adjustment for confounders was performed by the addition of confounders into the right-hand side of the linear predictor and comparing the parameter estimates of the models before and after adjustment. All figures are plotted with means and 95% confidence intervals. All missing data were treated as missing at random, and complete case analysis was performed in analyses. Analyses were conducted using STATA 9.2 (Stata Corp. College Station, TX). underwent total body and hip DXA scans; 162 hip DXAs were rejected due to poor quality of the image. A total of 3914 individuals had complete DXA and covariate information, on whom the present analysis is based. Boys who underwent hip DXA scans were taller and had a lower fat mass but greater lean mass compared with girls (Table 1) . Girls were more advanced in puberty compared with boys, as reflected by the proportion in different Tanner stages: 35.5, 27.6, and 36.9% boys vs. 16.0, 22.9, and 61.1% girls in Tanner stage I/II, III, and IV/V, respectively. Ages were similar across each sex and pubertal stage ( Table 2) .
BMD results
In unadjusted analyses, Tanner stage I/II girls had lower FN and TH BMD compared with boys, FN BMD was equal in Tanner stage III boys and girls yet lower at the TH region, and FN and TH BMD was lower in Tanner stage IV/V girls compared with boys (Table 3) . After adjusting for height, fat mass, and lean mass, FN BMD was similar in both sexes at Tanner stage I/II but was now higher in mid-and late pubertal girls compared with boys (Table 4) . A similar pattern was also observed for TH BMD (Table  4) . To evaluate the net effect of puberty in boys and girls, BMD differences were analyzed between Tanner stage I/II and IV/V. In unadjusted analyses, the difference in FN BMD between early and late pubertal children was more marked in girls, and in adjusted analyses the difference between early and late pubertal children was greater in girls compared with boys (Table 5) . A similar pattern of differences was also observed for TH BMD (Table 5 ).
Hip geometry
FNW was greater in boys compared with girls in early, mid-, and late pubertal children (Table 3 and Fig. 1 ). After adjusting for height, fat mass, and lean mass, FNW was still greater in boys compared with girls, but the difference was partially attenuated (Table 4 and Fig. 2 ). In terms of the overall effect of puberty, in unadjusted analyses, the difference in FNW between early and late pubertal children was more marked in boys, but after adjustment these differences were largely attenuated (Table 5) . Similar results were obtained for CSA, with pronounced effects of sex and puberty observed in unadjusted analyses, which were largely, but not completely, attenuated in adjusted models.
CT was greater in early, mid-, and late pubertal boys compared with girls (Table 3 and Fig. 1 ). After adjustment for height, fat mass, and lean mass, CT was similar in early pubertal boys and girls but greater in mid-and late pubertal girls compared with boys (Table 4 and Fig. 2 ). In unadjusted analyses, the difference in CT between early and late pubertal children was greater in boys, and in contrast in adjusted analyses, the difference between early and late pubertal children was greater in girls (Table 5 ).
Hip strength
CSMI was higher in early, mid-, and late pubertal boys compared with girls (Table 3 and Fig. 1 ). After adjustment for fat mass, lean mass, and height, these sex differences were partially attenuated (Table 4 and Fig. 2) . In unadjusted analyses, the difference in CSMI between early and late pubertal children was greater in boys compared with girls, and although the differences in CSMI between early and late pubertal children were largely attenuated by adjustment for fat mass, lean mass, and height, a small sex difference in favor of boys persisted (Table 5) . Similar results were obtained for SM with the exception that in adjusted analyses, no sex difference was observed in comparing results between early and late pubertal children (Table 5) . BR was lower in early, mid-, and late pubertal girls compared with boys (Table 3 and Fig. 1 ). In adjusted analyses the observed sex differences in BR were greater than in unadjusted analyses (Table 4 and Fig. 2) . In unadjusted analyses, BR was lower in late vs. early pubertal children, this difference being greater in girls. After adjustment, this difference partially attenuated in boys but not girls, with the result that differences in BR between early and late pubertal children according to sex became greater (Table 5) .
Discussion
In this cross-sectional analysis of sexual dimorphism of hip structure in 3914 peripubertal children, important sex differences were seen in hip geometry. For example, boys had wider FNs and thicker cortices, resulting in greater CSA as well as a higher bending strength reflected by CSMI, which was approximately 35% greater compared with girls. Sex differences in FNW and CSMI were greater in late vs. early pubertal children, but this effect was largely attenuated by adjusting for height, fat mass, and lean mass. Profound changes in fat mass, and lean mass take place during puberty, which differ significantly according to sex, and skeletal development is thought to be closely related to lean mass in particular (14, 15) . Therefore, the increase in sex differences in bone size after puberty that we observed may have arisen from functional adaptation of the skeleton to associated changes in body composition. Consistent with this possibility, Forwood et al. (1) , who examined DXA-derived indices of hip structure in a longitudinal study of 70 boys and 68 girls, likewise found that observed sex differences in CSA, FNW, and SM were attenuated by adjusting for height and lean mass. A strong association between changes in muscle mass and sex differences in cortical bone size at puberty has also been observed at the femur, tibia, and forearm (9, 10, 16) . Evidence from a prospective study of changes in hip structure of 83 boys and girls that peak accrual of lean mass during puberty precedes that of SM is consistent with the possibility that such bone changes during puberty occur secondary to increased muscle forces (17) . On the other hand, in a recent prospective study of tibial structure across puberty as assessed by pQCT in girls, growth in muscle cross-sectional area peaked 1 yr after that of tibial outer dimensions (18) .
Our observation that parameters related to FN size and bending strength were greater in early pubertal boys compared with girls in unadjusted analyses is also consistent with findings from Forwood et al. (1) . In the present study, sex differences before puberty were partly attenuated by adjusting for height fat and lean mass but were still present. These findings suggest that the wider FNs of boys compared with girls cannot be accounted for entirely by puberty and/or functional adaptation to differences in fat or lean mass. However, changes in hormonal milieu, which precede clinical puberty, may explain a proportion Mean values and 95% confidence intervals (CIs) of hip structural components by sex and pubertal status in children at Tanner stage IϩII, III, and IVϩV, adjusted for fat mass, lean mass, and height. P values are shown for the pairwise sex difference at pubertal stages IϩII, III, and IVϩV (Sex difference) and the puberty-sex interaction term as analyzed across all three pubertal stage groupings (Pub-sex). a For FNW, P value for puberty-sex interaction.
of the sex differences observed. Consistent with the present findings, we recently reported that humeral width relative to its length is greater in prepubertal boys compared with girls in this cohort (11) . Similarly, previous radiogrametry studies observed wider bones in boys compared with girls at all stages of development (5, 19) . Whereas CSMI was greater in boys, we found that BR was lower in girls. Unlike CSMI, the sex differences in BR was small in early pubertal boys and girls but became more pronounced as puberty progressed. These differences in BR reflect the fact that in boys, puberty leads to a greater increase in bone diameter relative to CT. Interestingly, these differences were more marked in models adjusted for height and lean and fat mass, in which the difference in CT and BR between early and late puberty was approximately twice as great in girls compared with boys. This finding of greater sex differences in adjusted models suggests that maturational status affects bone development independently of growth, possibly reflecting a direct influence of sex steroids on cellular activity of the skeleton.
We are not aware of any previous study reporting sex differences in BR in childhood at the hip or any other skeletal site. Because BR represents a ratio between FNW and CT, the lower BR in girls is at least partly accounted for by sex differences in periosteal growth. In addition, slower endocortical expansion in girls may have contributed to sex differences in BR that we observed, reflecting differences in the rate of endocortical remodeling and/or endosteal apposition. Consistent with this possibility, a previous radiogrametry study of metacarpal bones revealed evidence of endosteal apposition in pubertal girls (5) . However, equivalent changes were not observed in a previous pQCT study of the midtibia (3), possibly reflecting the fact that endocortical changes during puberty are site specific. As for possible influences of sex steroids on endosteal apposition, our findings are also consistent with evidence that rising estrogen levels in pubertal girls have been found to correlate with endosteal apposition as assessed by tibial pQCT (7) . This effect of rising estrogen levels in late pubertal girls on endocortical surfaces appears to be mirrored by gains in trabecular bone mass, as reflected by equivalent associations observed in ALSPAC between sex, puberty, and size-corrected spinal BMD (20) . Finally, constitutional factors might exist that affect both the age of onset of puberty and hip structure, so associations that we observed between hip structure and pubertal stage are not necessarily a direct result of hormonal differences.
Although we observed that bending strength was clearly higher in late pubertal boys, BR was lower in late pubertal girls implying greater cortical stability, suggesting that greater endocortical apposition in late and postpubertal girls due to increased estrogen exposure can compensate biomechanically for their lower periosteal apposition compared with boys. However, although BR has been found to be superior to measures of bending strength in predicting hip fractures in the elderly, cortical instability may be less important in determining skeletal strength in children, in whom intact internal trabecular structure is expected to make an important contribution to resisting buckling (21, 22) . Nonetheless, in analyses of the rela- tionship between hip geometry and fracture risk in ALSPAC, CSMI and BR showed equivalent albeit weak associations with past history of any fracture (results not shown). Although these results suggest that hip strength around the time of puberty may be equivalent in both sexes, presumably, estrogen depletion after the menopause results in reversal of these gains in endocortical bone during puberty in girls, suggesting that the high fracture risk in elderly women compared with men (23) has its antecedents in these differences in bone structure, which appear to be established during puberty if not before (24) .
In the present study, we used secondary sex characteristics as assessed by Tanner stage questionnaire to compare how maturational changes at puberty affect hip structure in boys and girls. This approach is well suited to analyzing sex differences in hip structure related to sex steroid exposure, as exemplified by the greater reduction in endosteal expansion in peripubertal girls that we observed, assumed to be related to rising estrogen levels. However, one limitation of analyzing sex differences according to puberty is that children in distinct Tanner stages may differ in other important ways that we have not been able to adjust for. In addition, when comparing boys and girls of the same age, even after adjusting for Tanner stage, girls are likely to be more advanced in terms of their skeletal maturation, as suggested by observations that girls reach peak height velocity at a slightly earlier Tanner stage as compared with boys (25) .
A further weakness of this study is our use of DXAderived measures of bone structure, which has limitations in predicting three-dimensional properties such as CSMI from two-dimensional projected DXA images (13) . Whereas the same assumption for the relative proportion of trabecular to cortical bone at the femoral neck was used as in adults, bone mineralization has previously been found to vary in relation to both sex and maturational status, which we attempted to correct for based on previously published literature. However, the values used were derived from a distinct population that was approximately 2 yr younger than ours (6) and obtained at the tibia rather than the hip. In addition, because this data analysis is cross-sectional, within-individual changes in hip structure throughout puberty may not be the same as comparing individuals of the same age at different pubertal stages.
In conclusion, on examining hip structure in a large cohort of peripubertal children, we found evidence of sexual dimorphism in hip development, characterized by greater CSMI in boys but lower BR in girls. The former differences appeared to result from more rapid periosteal bone growth in boys established in early childhood and subsequently increased throughout puberty. The lower BR in girls reflected their narrower FNs relative to CT, which we attribute to slower rates of both periosteal and endocortical expansion. Although sex differences in bending differences were mainly accounted for by those in height and fat and lean mass, those in BR were largely independent of these factors, suggesting that other factors such as sex steroids make an important contribution to sexual dimorphism of hip structure around the time of puberty.
